An enzyme's inherent structural plasticity is frequently associated with substrate binding, yet detailed structural characterization of flexible proteins remains challenging. This study employs complementary biophysical methods to characterize the partially unfolded structure of substrate-free AAC (6 0 )-Ii, an N-acetyltransferase of the GCN5-related N-acetyltransferase (GNAT) superfamily implicated in conferring broad-spectrum aminoglycoside resistance on Enterococcus faecium. The X-ray crystal structure of AAC(6 0 )-Ii is analyzed to identify relative motions of the structural elements that constitute the dimeric enzyme. Comparison with the previously elucidated crystal structure of AAC(6 0 )-Ii with acetyl coenzyme A (AcCoA) reveals conformational changes that occur upon substrate binding. Our understanding of the enzyme's structural plasticity is further refined with small-angle X-ray scattering and circular dichroism analyses, which together reveal how flexible structural elements impact dimerization and substrate binding. These results clarify the extent of unfolding that AAC(6 0 )-Ii undergoes in the absence of AcCoA and provide a structural connection to previously observed allosteric cooperativity of this enzyme.
Introduction
Motion due to protein plasticity frequently links a protein's structure to its function and acts as an important determinant of a protein's intrinsic properties such as stability. Macromolecular motions may span a large time range and distance and thus cannot be accurately represented by any single biophysical technique, each of which informs on dynamic processes of a limited time scale and resolution [1] . Although enzymes are often characterized as relatively rigid, partial conformational changes are frequently a condition for catalysis. Local plasticity such as domain reorientations, pivots about hinge loops, and reordering of amino acid side chains to form or break noncovalent contacts often constitute essential motions in enzymes or enzyme-complexes [2] . Such large amplitude collective motions typically occur between a small number of kinetically distinguishable states, and common methods describing such conformational motion include X-ray crystallography, nuclear magnetic resonance (NMR), small-angle X-ray scattering (SAXS), circular dichroism (CD), and fluorescence spectroscopy. In contrast, a locally disordered portion of an enzyme can fluctuate among a large ensemble of structures and traditional biophysical techniques give way to computational methods in this range [3] .
In this study, we use a combination of CD, SAXS, and X-ray crystallography to investigate the structure of the aminoglycoside 6 0 -N-acetyltransferase type-Ii (AAC(6 0 )-Ii). This aminoglycoside detoxifying enzyme is a single-domain, dimeric protein found in Enterococcus faecium [4] and purportedly contributes to this bacterium's broad resistance profile. The kinetic mechanism and the CoA as well as acetyl coenzyme A (AcCoA)-bound crystal structures of AAC(6 0 )-Ii have been previously reported, yet the apoprotein (apo) structure remains elusive [5] [6] [7] [8] . Structures of AAC(6 0 )-Ii in complex with a CoA or AcCoA-group both show a V-shaped fold consisting of two sets of antiparallel b-sheets surrounded by a-helices, a fold typical of proteins belonging to the GCN5-related N-acetyltransferase (GNAT) superfamily. Members of the GNAT superfamily all utilize the cofactor AcCoA and share a strongly conserved core structure despite minimal sequence similarities [9, 10] . The catalytic cycle of AAC (6 0 )-Ii follows an ordered bi-bi mechanism, where AcCoA binds prior to the aminoglycoside substrate and CoASH departs after the acetylated product [7] .
The present work builds on our mechanistic characterization of AAC(6 0 )-Ii [11,12], which was largely based on NMR and ITC studies. These solution studies probed the cooperativity of AcCoA binding between the two protomers of the dimeric enzyme and indicated that the apo form was much more flexible than the substrate-bound form. This finding is consistent with early protease analyses and heteronuclear single quantum coherence studies [8] . Indeed, AcCoA binding potentially induced significant structural changes in the enzyme. We address here two questions that could not be satisfactorily answered previously, namely whether the apo form is partially disordered, and how exactly the dimer interface is affected upon acetyl-CoA binding. By combining results from different structural biology methods, we propose a nuanced model of the conformational flexibility of AAC(6 0 )-Ii upon substrate binding.
Results

X-ray crystallography
The apo AAC(6 0 )-Ii crystal structure has been determined and refined in space group P6 4 with one protein molecule per asymmetric unit to 2.1 A with an R cryst of 0.217 and an R free of 0.256. Although previously reported NMR data indicate that the apo form of AAC(6 0 )-Ii is highly flexible [8], the X-ray crystallographic analysis shows a mostly well-structured protein. In comparison to the previously obtained binary complexes, the apo structure shares an identical overall fold and retains 90% of secondary structural features. However, residues 117-140 and residues 80-86 of the apo structure diverge significantly from the substratebound structures. Residues 117-140 could not be accurately modeled due to poor electron density, indicating a highly flexible local structure (Fig. 1) . The presence in stick representation, PDB code 1N71). While most structural elements are conserved, a flexible wing-shaped region (residues 117-140) and the pyrophosphate loop (residues 80-86) show clear differences.
(ii) Cartoon representation of apo AAC(6 0 )-Ii, as above but rotated 90°about an axes running horizontally through the center of the page. This view illustrates how residues of the pyrophosphate loop of the apo structure adopt a helical conformation and would occupy the same space as the pyrophosphate of the coenzyme.
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The of an adjacent solvent channel permits flexibility in this region, and partially accounts for the high solvent content of 70% observed for this crystal. In contrast, in the substrate-bound structures, these residues form an ordered wing-like structure that contains a single helix. The second structural difference lies in what has previously been named the pyrophosphate loop between b4 and a3 (residues 80-86) and is likely a result of the missing substrate. In the AcCoA-bound structure, this loop is more extended to allow for binding of the pyrophosphate group of acetyl-CoA. In the absence of substrate, residues 83-86 extend helix a3 and partially occupy the acetyl-CoA-binding site (Fig. 1) . Although AAC(6 0 )-Ii functions as a physiological dimer, its crystal structure has only one protein molecule per asymmetric unit as the symmetry axis relating the two protomers coincides with a crystallographic symmetry axis in this crystal form. An analogous situation was also previously observed for one of the CoA-bound crystal structures [5] . It should be noted that a portion of the missing winglike region (residues 124-133) is implicated in forming the dimer interface in the complexed or binary structures. We propose that the main hydrophobic interactions afforded by these residues stabilize dimerization, but are nonessential as this wing-like region is unique to AAC(6 0 )-Ii among members of the GNAT superfamily, many of which also form physiological dimers [6] .
Using an apo AAC(6 0 )-Ii dimer that spans two asymmetric units, a difference distance matrix was generated to analyze any structural differences with the AcCoA-bound form of AAC(6 0 )-Ii (Fig. 2i) . The overall root-mean-square deviation (RMSD) for 179 corresponding backbone atoms was 2. normalized RMSD for 100 amino acids of 1.4 A. Not surprisingly, the residues showing the greatest positional changes correspond to those flanking the missing C-terminal region and those forming the pyrophosphate loop, with displacements up to 12 A. The difference distance matrix also reveals a series of residues in the N-terminal portion of the protein (highlighted in blue in Fig. 2ii ) that shift in concert by [3] [4] [5] [6] A between the apo and the binary structure. This shift is only observed when comparing the two protomers in the dimeric enzyme and not observed within either protomer, thus implying a conformational difference in the dimer structure when comparing the apo state with the complexed state. This structural shift is illustrated by the superposition of the complexed dimer structure on the apo dimer structure (Fig. 3i) . When vectors between corresponding backbone atoms are mapped, a rotation in the N-terminal lobe of each protomer can be detected (Fig. 3ii) . The relative rotation of the protomers can be deconstructed into two components: although the lateral rotation of each Nterminal lobe away from the dimer axis is only about 3-4°, each protomer also rotates by 10°perpendicular to the dimer axis. Together, these rotations lead to local displacements of up to 6
A for individual residues in the N-terminal region.
To further characterize the apparent flexibility of the apo AAC(6 0 )-Ii structure suggested by NMR and X-ray crystallography [11], we utilized additional solution-based methods to obtain a comprehensive model of the enzyme's flexibility in this apo state.
Circular dichroism
Recognizing that the pH at which apo AAC(6 0 )-Ii crystallizes in this study is at least two units lower than previously determined crystallization conditions, CD spectroscopy was used to probe changes in secondary structure between apo and complexed states of AAC(6 0 )-Ii and to explore how different pH conditions might affect those structural elements.
CD spectra of the apo state at pH 5, 6, and 7 superposed perfectly, indicating no changes in the enzyme's secondary structure composition in this pH range (Fig. 4i) . Results of AcCoA-bound protein samples duplicated this trend, thus we conclude that the secondary structure composition of AAC(6 0 )-Ii is pHindependent in the range at which it crystallizes. In addition, comparison between CD spectra of the apo and complexed forms show no statistically significant differences (Fig. 4ii) , indicating that secondary structures present in the apo form remain intact in the complexed form.
We determined the melting temperatures of AAC (6 0 )-Ii by measuring the disappearance of alpha helices and beta sheets and the accumulation of random coils over time. Unfolding was reversible, with an average melting temperature for the apo form of 50°C, while that of the AcCoA-bound form was 52°C. The comparable melting temperatures suggest that AcCoA is not necessary to maintain the structural stability of the protein. However, as the experiments were performed with a single rate of temperature increment, the potential contribution of the kinetics of unfolding cannot be excluded. These findings are consistent with our X-ray crystallographic results, and we conclude that while substrate binding does not improve protein stability, the flexible wing-like region also does not significantly impact the stability of the apo state.
SAXS analysis
We further characterized the shape and size of the apo and complexed states of AAC(6 0 )-Ii in solution using small-angle X-ray scattering (SAXS; Fig. 5i ). We noted a marked difference between the scattering data of the apo form and the AcCoA-bound form. The enzyme-substrate complex, which showed good agreement ( Table 1 , Fig. 6i ) with the crystal structure (PDB ID 1N71), exhibited a lower radius of gyration and a maximum diameter that measured 20 A shorter than the apo protein (Table 1, Fig. 5ii ). The bellshaped pair-distribution function of the substratebound form is indicative of a roughly spherical overall shape, with a maximum diameter of 65 A, which agrees well with the measured value of 67
A from its crystal structure. On the other hand, the asymmetric curve for the apo form suggests that in this state, AAC(6 0 )-Ii departs from the spherical shape, with at (ii) Four replicates at three pH levels (pH 5, 6, and 7) were recorded for the enzyme in both apo (three shades of orange) and complexed states (three shades of blue). The molar ellipticity (h) at each pH level is plotted at five distinct wavelengths of the CD spectrum (191, 195, 208 , 217, 222 nm). Error bars denote two standard deviations from the mean. Table 1 .
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The least one dimension at 85 A, or 30% wider than the maximum diameter of the complexed structure. These results indicate that AAC(6 0 )-Ii exhibits a more compact shape when bound to AcCoA than in its absence. We propose that this difference can be attributed to the flexible wing-like region (residues 117-140) that is missing from the apo crystal structure. Using the atomic coordinates of the apo structure in conjunction with the entire protein sequence, we reconstructed a complete apo model containing the missing residues in the C-terminal region using BUNCH (Fig. 6ii) [13].
The resulting model has a spherical core with wing-like protrusions corresponding to the missing residues, and presents a markedly improved fit to the original scattering curve compared to either the substratecomplexed crystal structure (PDB ID 1N71) or the apo crystal structure presented here (Fig. 6iii) . Though by no means an accurate atomistic model of apo AAC (6 0 )-Ii, we believe that this rigid body reconstruction model confirms the presence of a flexible region in the C-terminal lobe of the enzyme and provides a rationale for the difference in radius of gyration between the apo and complexed states.
Discussion
While previous NMR HSQC studies of AAC(6 0 )-Ii suggested a mostly flexible apo form [11], our crystal structure of this form indicates that it largely retains its well-ordered structure. Combining the results of different biophysical techniques allowed us to provide a more rigorous description of the apo structure and qualify the extent of the plasticity that AAC(6 0 )-Ii exhibits in the apo form. The enzyme retains most of its secondary structural elements regardless of AcCoA binding. In particular, the mixed b-sheet that forms the core of the enzyme remains intact according to our CD analyses. In addition, results from SAXS studies indicate that upon AcCoA binding, a large, flexible region becomes more structured, which we attribute to the 24-residue long, wing-like region in the C-terminal lobe (residues 117-140) that is unstructured in the apo crystal structure. To complement previous NMR findings, EXSY experiments have been used to link 38 apo peak shifts with known peaks of the complexed form's spectrum (Fig. 7) [11]. Given that the wing-like region is disordered in the apo form, we can expect that amide peaks from these residues would locate in the central area of the apo HSQC spectrum, which has been confirmed for three residues (Ser121, Asp131, and Ile136). We are now in a position to refine the hypothesis that the apo form of AAC(6 0 )-Ii is highly flexible. We suggest that the quaternary structural changes induced by AcCoA binding include a bulk movement of the N-terminal regions away from each other as well as an ordering of residues 117-140 leading to the formation of a more extensive dimer interface. Despite these differences, the overall structure of apo AAC(6 0 )-Ii mirrors the binary form relatively well and does not undergo large-scale conformational changes or significant unfolding as suggested by previous NMR studies [11] .
It remains unclear what function, if any, the flexible region in the C-terminal lobe fulfills. As it is not directly involved in AcCoA or aminoglycoside binding, it is tempting to speculate that it may have an allosteric sensing function that regulates enzyme activity. In this respect, it is worth noting that the antibiotic resistance conferring function may not be the primary task performed by AAC(6 0 )-Ii, though its native role has remained elusive [14] . Given that the wing-like region is unique to AAC(6 0 )-Ii among GNAT family members, its specific order-disorder transition upon the presence/absence of AcCoA suggests that it could potentially act as a recognition site for cell signaling.
An allosteric binding model consisting of a hybrid of the Koshland-Nemethy-Filmer and the HilserThompson (HT) models has been proposed for AAC (6 0 )-Ii [11]. In the Koshland-Nemethy-Filmer model, free and bound subunits assume distinct conformations, conformational changes only occur upon substrate binding, and cooperativity results from intersubunit interactions [15] . In the HT model, allostery is driven by coupled folding and binding of adjacent protomers, which explicitly includes conformational equilibria in unbound subunits [16] . Thermodynamic studies using ITC, CD, and NMR have indicated that each protomer of the enzyme can exist in at least three conformational states, namely a partially unfolded, a free-folded, and a substrate-bound or completely folded state, though no structural descriptions of the substrate-free states could be furnished. The addition of the apo crystal structure complements our understanding of the enzyme's allosteric binding model. We hypothesize that the partially unfolded state corresponds to the apo crystal structure described here, with the flexible region of the C-terminal lobe unstructured as suggested by the SAXS data. The free-folded state would thus resemble an enzyme conformation where the wing-like region is folded, while the pyrophosphate loop remains in its alternative conformation as no AcCoA binding has occurred yet. Thus, there exist two distinct apo structures. This would imply that firstly, in a substrate-binding event, the flexible region (residues 117-140) folds before the pyrophosphate loop, and secondly, the free-folded form is highly transient and less stable than both the partially unfolded and the substrate-bound state. Alternatively, the apo structure determined here represents the free-folded structure and that there still exists another, less structured, conformation of the apo state that is perhaps too disordered for crystallization. We consider this possibility unlikely as results from the CD studies give no evidence of another conformation with less secondary structure and more random coil. Positive cooperativity may be a result of the dimerization interaction of the flexible region in the C-terminal lobe. With one AcCoA molecule bound and thus one protomer fully folded, as the second protomer shifts toward the free-folded state, the formation of the structured C-terminal wing-like loop causes N-terminal portions of the two protomers to undergo a rotational inward shift which tightens the V-shaped cleft (Fig. 3i) . Considering that binding interactions between AcCoA and AAC(6 0 )-Ii occur predominantly via backbone hydrogen bonds, this slight rotation may significantly facilitate the binding of the second AcCoA substrate, thus leading to cooperativity.
In summary, through a combination of X-ray crystallography, CD, SAXS, and NMR, we determined the structure of the apo conformation of AAC(6 0 )-Ii and characterized its plasticity. We pinpointed the flexible regions of the apo state to the pyrophosphate loop and a section of the C-terminal lobe, and showed that substrate binding involves the ordering of these two loops as well as a rotational shift of the N-terminal portion of each protomer of the catalytically active dimer. These results not only clarify the nature and extent of the apo state's flexibility but also allow us to propose a structural mechanism for an intriguing allosteric binding model for this enzyme which incorporates simultaneous positive and negative cooperative mechanisms.
Experimental procedures
Crystallization, data collection, and refinement AAC(6 0 )-Ii was expressed and purified as previously replacement, AAC(6 0 )-Ii was truncated to the core secondary structures common to all GNAT family members to calculate a preliminary electron density map. Subsequent refinement cycles alternated between manual model building and reciprocal space refinement. See Table 2 for a summary of key data collection and refinement parameters.
Circular dichroism
CD measurements were obtained using a ChiraScan CD instrument (Applied Photophysics, Leatherhead, Surrey, UK). Each sample contained 500 lL of protein solution consisting of AAC(6 0 )-Ii at 0.5 mgÁmL À1 and 100 lL of deionized water or 100 lL of 50 lM AcCoA. For measurements at different pH values, the protein solution was prepared in a 5 mM sodium-phosphate buffer at pH 6 and subsequently mixed at a 1 : 1 ratio with a 50 mM sodiumphosphate buffer at the desired final pH. The wavelength spectrum used extended from 180 to 260 nm in 0.5 nm steps. For temperature-dependence studies, AAC(6 0 )-Ii at 100 lgÁmL À1 in sodium-phosphate buffer at pH 6 in the absence or presence of 20 lM AcCoA was used. Changes in molar ellipticity (h) were measured at wavelengths 191, 195, 208, 217, and 222 nm, while temperature was increased from 6°C to 94°C and then reduced to 6°C in 2°C per 2 min intervals.
Small-angle X-ray scattering
Small-angle X-ray scattering measurements were performed on a SAXSess small-angle X-ray scattering instrument (Anton Paar, Graz, Austria) equipped with a CCD detector (Princeton Instruments, Trenton, NJ, USA). The beam length was set to 18 mm. AAC(6 0 )-Ii was concentrated to 10 mgÁmL À1 and dialyzed against 50 mM sodium-phosphate buffer pH 6 containing 2 mM EDTA. To obtain the AcCoA-complexed sample, 5 mM AcCoA was also included in the dialysis buffer. Protein samples were diluted using the dialysis buffer to the desired concentration for data collection. All data collection was performed at 22°C. About 40 lL protein samples (4-10 mgÁmL À1 ) was irradiated over a series of 1440 ten-second exposures (4-h exposure time), while dialyzed buffer samples were irradiated over a series of 2880 ten-second exposures (8 h). Scattering intensities (I) were recorded along a two-dimensional slit and averaged to obtain a one-dimensional scattering curve with a q-range of 0.012-0.3 A À1 . Dark current correction, normalizing, buffer subtraction, and desmearing were performed in SASQuant 3.0. Independent SAXS measurements were performed at three different protein concentrations, at minimum, and were compared to rule out any concentration-dependent effects. Subsequent data analysis was performed using the ATSAS software suite [17] . The Guinier analysis was performed in PRIMUS [18] . Probability distance distribution plots were generated using GNOM, and fits to the crystal structures of AAC(6 0 )-Ii were calculated using CRYSOL [19, 20] . For the complexed dataset, an ab initio model of AAC(6 0 )-Ii was calculated using GASBOR 50 times, and then averaged using DAMAVER, while enforcing P2 symmetry [21, 22] . The crystal structure (PDB ID 1N72) was superimposed onto this SAXS envelope. For the apo dataset, in order to model the wing-like residues in the C-terminal lobe that are missing from the apo crystal structure (PDB ID 5E96), BUNCH was used [13] . In brief, two fixed 'domains' were defined corresponding to the residues observed in the crystal structure, connected by a mobile region corresponding to the missing residues. This model was refined against the apo scattering curve in BUNCH, while enforcing P2 symmetry. The SAXS data curves and statistics are presented in Figs 5 and 6, and Table 1 .
